Wind energy is a resource that does not require any fuel or feedstock to be treated, refined or transported. It does not produce air pollution and hazardous waste. Because of these, wind energy, one of the major renewable energy sources, has been widely used in recent years. In this work, a three-phase distribution static synchronous compensator (D-STATCOM) is demonstrated for power quality enhancement in wind energy distribution systems. A fivelevel cascaded inverter is used to implement the D-STATCOM. D-STATCOM is controlled to compensate the reactive power, balances the load and eliminate harmonics. A novel control algorithm is based on the indirect current control system with synchronous reference frame theory for generating the gating pulses of Voltage Source Inverter (VSI). This proposed control system has one model predictive controller and two modified fuzzy logic controllers. The performance of the three-phase D-STATCOM is validated for power quality enhancement with different loads through software implementation using Matlab/Simulink environment. The effectiveness of the proposed approach is verified through simulation studies.
Introduction
In parallel to the rapid growth of industrialization all over the world, energy demand has been increasing exponentially. The rapid increase in the world population also increases the need for energy per capita. Therefore, the need for new energy sources has arisen. Numerous governments and companies have been allocating resources about in creating of new energy sources. Many scientists are also making an effort to develop environmentally friendly new sources.
The production of energy from conventional energy resources is quite harmful to the environment although it is cheap. These harmful effects are air pollution, water pollution and solid waste and soil pollution. Especially, the harmful gases emitted from funnels of thermal power plants to the environment causes serious damages such as lung cancer. The thermal power plants disturb the existing temperature balance when they discharge water they use after installation. This imbalance can cause lethal effects on aquatic organisms. The fume components emitted from funnels of the thermal power plants leak into the soil over time and thus, soil pollution occurs. Nuclear power plants also have similar effects. They cause serious environmental effects in case of an accident. They harbor hazardous effects that affect both human health and wildlife, and also future generations. Especially, radioactive leakage problems continue their adverse effects over the years. Furthermore, they cause climate changes. Besides these, the environment is damaged in all the stages of extraction, transfer and consumption of the resources.
All of the harmful effects lead to the searching of resources that can be an alternative to fossil fuels. Concurrently, fossil fuel reserves have been rapidly depleting. Therefore, scientists have focused on new alternative energy sources. The most important renewable energy sources are solar, wind and hydrogen energies. These sources also play an important role in reducing greenhouse gas emissions. They are much more environmentally friendly than the conventional energy sources. Especially wind energy among these sources attracts more attention due to its lower cost per unit and ability to generate energy in almost all conditions. For this reason, the use of wind energy has been increasing rapidly.
Wind turbines convert mechanical energy obtained from the wind into the electrical energy (Kim & Lu, 2010) . The wind turbines do not emit hazardous gases into the environment during the stage of power generation (Mirmousavi, 2015) . They do not include hazardous wastes and do not have the effects that can change the ambient temperature. Besides, their adverse effects on natural life are very rare. Unlike other sources, they do not become a threat to human health.
For efficient use of energy from wind and protection of environment, it is necessary to improve the efficiency of the use of energy resource and the use of energy (Butkus et al., 2012) . Wind turbines running independently from the network are not affected from its adverse effects. However, reactive powers they need are required to be produced. Furthermore, they need special solutions to eliminate harmonics and voltage fluctuations arisen from loads. To solve these problems, Flexible AC Transmission Systems (FACTS) are used (Abdelsalam & Sharaf, 2012 (Sun et al., 2004) . D-STATCOM is used to improve the power quality in distribution systems as an inverter based device. The D-STATCOM device removes the reactive power and voltage fluctuations generated by loads. Electrical machines cause inductive effects because of their windings and these effects are resolved through the capacitors. Capacitors which is owned by D-STATCOM structure, do this task by using or removing from the circuit when it is necessary (Rao et al., 2000) .
In the literature, many wind turbine emulators are used. This system is created by an electrical machine shaft that models' propeller connecting to another electrical machine. Generator as squirrel cage induction machines, synchronous machines, permanent magnet direct current machine is widely used (Whaley-Ertasgin et al., 2006; Kojabadi et al., 2004) .
Many methods are used to control D-STATCOM. Structure actually contains one voltage-controlled inverter (Rao et al., 2000) . But this inverter can be made with a multi-level, also can be made in different types with different power electronics connection shapes (Peng, 2001) . Indirect current control method based on synchronous reference frame theory has been used here for the D-STATCOM control (Escobar et al., 2004; Norouzi & Sharaf, 2003) . Within this structure, PI and fuzzy logic-based PI controllers are used (Altas et al., 2009 ).
The choice of modulation technique is also important in D-STATCOM control system. In the literature, different Pulse Width Modulation techniques such as Carrier-based Pulse Width Modulation (Naderi & Rahmati, 2008) , multi-level space vector modulation (Narayanan & Ranganathan, 2002) and selected harmonic elimination pulse width modulation (Dahidah & Agelidis, 2008) are used.
In this study; reactive power compensation is made by examining structure of the D-STATCOM in the networkindependent island-type wind turbine system. D-STATCOM contains 5-level VSI. A novel control algorithm is based on the indirect current control system with synchronous reference frame theory for generating the gating pulses of VSI. This proposed control system has one Model Predictive controller (MPC) and two Modified Fuzzy Logic Controllers (MFLC). Differences from D-STATCOM structure is activated or not has been demonstrated. System simulation is made up in MATLAB/Simulink environment.
Materials and Methods
Wind energy system with D-STATCOM is shown in Figure 1 . D-STATCOM structure consists of VSI, DC-link capacitors, control circuit, and coupling inductor. VSI has five-level cascaded H-bridge structure. DC-link capacitors meet the dc voltage that is required for the inverter circuit. Control circuit is used to control power to the load from the wind turbine. Coupling inductor is used to connection to the common connection point.
5 level cascaded H-bridge based VSI is used here. More precise control is possible with the increase of level of the inverter. However, it is becoming more difficult to control accordingly due to increased number of switching elements. This delicate structure in the system is formed by using the 24 IGBT. Increasing the number of elements in the upper levels increases system cost and that doesn't have a particularly positive effect in the system. Limited impact doesn't compensate for the cost. Figure 1 , VSI of D-STATCOM has five level cascaded H-bridge structure. There are a total of 6 H-bridge including 2 in each phase. Inverter output voltage for one phase is the sum of the output voltage in the respective phase of each H-bridge. Each arm of the H-bridge consists of two series-connected switching elements. These switches are switched in opposite ways to protect shortcircuit the DC-link capacitors. Dead time delay circuit is used to prevent switching elements from being transmitted at the same time. H-briidge connected DC-link capacitors meet DC voltage that is required for VSI.
VSI is connected in parallel to the power system via coupling inductor. The common serial port connection A NOVEL MODEL PREDICTIVE-FUZZY LOGIC HYBRID CONTROLLER DESIGN 3 inductance ( ) is used to ensure this connection in the common port. The size of the reactive current flowing toward the connection inductance ( ) is proportional to the difference of D-STATCOM AC output voltage ( ) with supply voltage at a common connection point(
). This is achieved by controlling the amplitude of the voltage of the DC link capacitors( ).
The equation in ABC coordinate axis control system is a difficult equation in terms of design because variables on the AC side of the mathematical model are timedependent. Therefore it is converted to two-phase coordinate axis with the coordinate axes ABC PARK transformation. ABC coordinate axis matrix is transformed with the help of the Equation (1), PARK transformation matrix to two phases simultaneously rotating the coordinate axes.
With this transformation i stdq =T*i abc is obtained.
The Equation (2) can be written after D-STATCOM current (i st ) related conversion:
Here i std ; active current used for charging / discharging status and i stq ; link inductance and reactive current flowing to Z st PLL calculates the phase angle of the supply voltage required for the load current i lq , D-STATCOM output voltage and current to be converted to dq axes transformation with the park transformation. Then the controller generates switching signals to drive the switching elements of the inverter. Sinusoidal PWM (SPWM) technique was used to produce this switching signals (Naderi and Rahmati, 2008) .
Transfer function of D-STATCOM in dq axis is as in Equation (3).
Block diagram of a synchronous reference frame theory indirect current control system for D-STATCOM obtained from (3) is shown in Figure 2 . This dc voltage is kept constant in the control system and reference voltage needed to be produced by the inverter are obtained based on reference active and reactive power.
Figure 2. Basic model of D-STATCOM controller

Modified Fuzzy Logic Controller
Modified fuzzy logic controller (MFLC) scheme is shown in Fig. 3 where it consists of the fuzzifier, rule base-fuzzy inference and defuzzifier (Altas & Sharaf, 2007) . Fuzzifier, the first subsystem of the MFLC, converts the exact inputs to fuzzy values. These fuzzy values are sent to rule base unit and processed with fuzzy rules in fuzzy inference (Altas & Mengi, 2013) . The models of all MFLC's units are developed in Matlab/Simulink environment. MFLC used in this system has 5 rules. The operation with 3 rules and 7 rules are also tested. However, MFLC with 3 rules could not satisfy the desired system performance while MFLC with 7 rules give the same performance as 5 rules. Detailed information is given in the article name (Altas & Sharaf, 2007) .
Model Predictive Controller
In addition to the conventional PID control technique, which is frequently used in industrial applications, Model Predictive Controllers (MPCs), one of the advanced control techniques, are also used. The beginning of the first application of the MPC in the field of power electronics began in the 1980s. The first applications in power electronics are high power systems with low switching frequency. With the development of fast and powerful microprocessors, applications of MÖD in the field of power electronics have increased considerably. From time to time horizon, common elements of such controllers use the system model to predict future behavior of variables and select the best working condition by minimizing the cost function. Figure 4 shows the basic structure of the MPC (Danayiyen et al., 2017) . Equations (4) and (5) show the state space model equations of the MPC.
The equation of the cost function is shown Equation (6).
Results and discussion
D-STATCOM simulation were conducted with different sample experiments. Matlab/Simulink software package is used to accomplish this. Wind turbine is used to main source in this simulation study. The sampling frequency for the control system has been chosen as 10 kHz. 1 kHz frequency is selected for switching elements within the D-STATCOM. Figure 5 shows the proposed predictive-fuzzy hybrid control diagram for D-STATCOM.
Figure 5. Proposed control diagram of D-STATCOM
The system parameters listed in Table 1 are used for simulation study. 1kW+2kVar (0.6-1s) Figure 6 shows the change in reactive components of load and D-STATCOM currents under different load conditions. The results of MPC-MFLC controller and MFLC-PI controller are compared. The system using the MPC-MFLC controller is seen to be successful when examined in terms of power factor, voltage regulation and reactive compensation.
